I. INTRODUCTION
from stoppedp reactions on 4 He. Very recently, Yamazaki et al. [18] have found new experimental events of the K − pp state in p + p → K + + Λ + p reactions by a reanalysis of old DISTO experimental data at SATURNE-Saclay. However, these experimental results would also leave room for other interpretations and therefore more experimental data are required in order to confirm whether the K − pp system has a deeply-bound state or not.
one-nucleon K − absorption processes,
and two-nucleon K − absorption processes,
near the πΣN decay threshold, where Y = {Σ, Λ}. Since there exist many predictions of B.E. and Γ for the K − pp state at present, we demonstrate typical spectra by using the K − -"pp" optical potential which reproduces the values of each B.E. and Γ phenomenologically. Here we employ the phenomenological K − -"pp" optical potentials having an energydependence due to the phase space factors of the above processes (1) and (2) . If B.E. is larger than about 100 MeV, a decay channel via the process (1) with Y = Σ is kinematically closed, so that the decay width of the K − pp bound state would be considerably small.
Indeed, recent Faddeev calculations [5, 6] or several experimental observations [15, 18] have suggested that B.E. is close to the energy at the πΣN decay threshold. In order to deal with such a threshold effect, we must take into account the energy dependence in the K − -"pp" optical potential. This is a natural extension of the previous work [23] where we mainly discussed the spectra with an energy-independent optical potential. A preliminary result of this subject is partially found in Ref. [30] .
The outline of this paper is as follows: In Sect. II, we mention our DWIA framework using the Green's function method for the 3 He(in-flight K − , n) reaction, and we introduce several phenomenological energy-dependent K − -"pp" optical potentials, of which parameters are determined to reproduce the values of B.E. and Γ obtained from a recent few-body calculation [4, 5, 7] or experimental candidate [15, 17, 18] . In Sect. III, we show the calculated inclusive and semi-exclusive spectra with each optical potential. We find a distinct peak structure or a cusp-like structure at the πΣN threshold in the spectrum depending on the potential parameters; its shape behavior of the spectrum is governed by a pole trajectory for the K − pp state in the complex energy plane. In Sect. IV, we discuss the dependence of the spectral shape on the potential parameters and the branching ratio of K − absorptions systematically, in order to understand the appearance of a cusp-like spectrum. The summary and conclusion are given in Sect. V. In the DWIA framework [31] , the inclusive double-differential cross section of the 3 He(inflight K − , n) reaction at the forward direction θ lab = 0 • in the lab system is written [32] as
where S(E) is a strength function for the K − pp system as a function of the energy E, and dσ/dΩ n (0
is a Fermi-averaged cross section for the elementary K − +N → N +K forward scattering which is equivalent to a backwardK + N elastic scattering in the lab system [33] . The lab cross section for the non-spin-flip K − +n → n+K
process amounts to 24.5 mb/sr (13.1 mb/sr) in free space [33, 34] , and is reduced to 13.9 mb/sr (7.5 mb/sr) with Fermi-averaging [28, 35] . Both of the K − + n → n + K − elastic scattering and the K − +p → n+K 0 charge exchange reaction can contribute to the formation of the K − pp I = 1/2 state through the coupling between K − pp andK 0 pn channels. Thus an incoherent sum of contributions from these K − + n → n + K − and K − + p → n +K 0 processes, as is done in Ref. [11] , may be unsuitable for the K − pp bound region. In thē K 0 /K − charge basis, the coupled-channel calculation would be needed.
Here we consider the cross section of Eq. (3) in the isospin basis because total isospin I = 1/2 is expected to be an almost good quantum number in the K − pp bound state.
The contribution from the elementary processes is approximately estimated by the isoscalar ∆I = 0 transition amplitude 
Note that the momentum transfer of this reaction becomes negative; q(0
For the negative momentum transfer, β(0 • ) enhances the spectrum of Eq.(3) by a factor 1-2 depending on p n and E K − [28] .
The strength function of the K − pp system, S(E), in Eq. (3) can be given as a function of the energy E measured from the K − + p + p threshold;
where 
where µ is the reduced mass between the K − and the "pp" core-nucleus, and V Coul is the Coulomb potential with the finite nuclear size effect. U opt (E) is an energy-dependent K − -"pp" optical potential between the K − and the "pp" core-nucleus, which is assumed to be the Lorentz scalar type.
According to the Green's function method [24] , we can write S(E) as
with
where G α,α ′ (E) is the complete Green's function for the K − pp system, and α |ψ n (r)| i is the 2N-N wave function for a struck neutron in the target where α denotes the complete set of eigenstates for the system. χ (+) and χ (−) are distorted waves of the incoming K − with the momentum p K − and the outgoing n with p n , respectively. The factors of M C /M K − pp and (8) take into account the recoil effects, where M C and M A are the masses of the "pp" core-nucleus and the 3 He target, respectively. The recoil effects have to moderate a whole shape of the spectrum. Indeed, if the recoil factors are omitted, the cross section of a peak in the bound region is reduced by about 50%; a yield in the quasi-free (QF) region grows up, and a QF peak is shifted upward to the higher-energy side and its width is broader. Here we actually use the factor of M C /M K − pp in not only χ (−) but also χ (+) for simplicity. If we use an alternative factor of M C /M AK whereM AK is the mean mass of M A and M K − pp instead of M C /M K − pp , we find that the cross section of the peak in the bound region is enhanced by less than 10%.
By Green's function technique, the strength function S(E) for the inclusive spectrum can be easily decomposed into two parts [23, 24] ; 
. By an abbreviated notation for G(E), U opt (E) and f instead of those in Eq. (7), we have
where G 0 (E) is a free Green's function.
With the help of the eikonal approximation, we express the distorted waves in Eq. (8),
with an impact parameter coordinate b and the optical potential for λ = K − or n,
where ρ(r) is a nuclear density distribution, andσ [33, 39] for simplicity. Since the formation cross section is rather insensitive to the values of α λN [40] , we use α K − N = α nN = 0 [33, 39] .
This fact implies that the distortion effects are not so important in our calculation, because of the small nuclear size of the 3 He target. It has been shown that a distortion factor for the (in-flight K − , n) reactions on 3 He is estimated as D dis = 0.47 for 1s p → 1s K − transition [23] , of which value is about 5 times as large as D dis =0.095 for 1p p → 1s K − transition on a 12 C target [39] . This is also an advantage of a use of the s-shell nuclear targets such as 3 He.
C. Optical potentials for the
In a previous paper [23] , we evaluated the spectra with the energy-independent K − -"pp" optical potential which reproduces the result of the binding energy (B.E.) and width (Γ ) by Yamazaki and Akaishi [4] or by Shevchenko, Gal and Mares [5] . On the other hand, Mares et al. [41] introduced phase space suppression factors, f Y 1 (E) and f Y 2 (E), which denote for the one-and two-nucleon K − absorption processes, respectively:
with 
where V 0 and W 0 are adjusted parameters, of which values are determined to reproduce the result of the binding energy and width of the K − pp state in theoretical predictions or experimental data, as we will mention below. B 
where we treat that the [K − pp] → Y + N process acts effectively in Σ + N and Λ + N decay channels because these channels similarly affect the spectrum within the present framework (see also Fig. 1 ). Then we can rewrite the imaginary part of U opt (E) in Eq. (17) as
where W Y 1 (E; r) and W Y 2 (E; r) correspond to the absorptive potentials for one-and twonucleon K − absorptions, respectively:
In the Green's function method, S con (E) of Eq. (10) can be further decomposed [23] as
where S con πY N (E) and S con Y N (E) express components of the strength functions for the π + Y + N decay process from the one-nucleon K − absorption and for the Y + N decay one from the two-nucleon K − absorption, respectively, in the K − conversion spectra. Therefore, the semi-exclusive spectra in the 3 He(in-flight K − , n) reaction,
can be evaluated in our calculations, where Y = {Σ, Λ} and X = {π + N, N}.
The binding energies B.E. and widths Γ of the K − pp bound state with I = 1/2, J π = 0 − have been predicted in many calculations [5] [6] [7] [8] [9] [10] [11] [12] and also reported in several experiments [15, 17, 18] . In Fig. 2 , we summarize the values of B.E. and Γ taken from theoretical predictions and experimental candidates. By considering these results of B.E. and Γ as a guide, we attempt to construct the K − -"pp" optical potentials U opt (E). We solve the Klein-Gordon equation self-consistently in the complex energy plane:
where Φ(E; r) is a relative wave function between the K − and "pp" core nucleus, and ω(E)
is a complex eigenvalue, as a function of E which is a real number. If we find that E satisfies
we can obtain Re ω(E) = −B.E. and Im ω(E) = −Γ/2 as the Klein-Gordon complex energy. Thus we determine the strength parameters of (V 0 , W 0 ) in Eq. (17) by fitting to the prediction or candidate of B.E. and Γ . Here we introduce four K − -"pp" optical potentials For the range parameter for U opt (E) in Eq. (17), here we used b = 1.09 fm, of which value is derived from the results of three-body calculations by Yamazaki and Akaishi [4] . A dependence of the spectrum on the range parameter b is slightly seen in the QF region; for example, when b is changed within +0.12 fm (−0.12 fm) in potential C, the cross section of a QF peak is reduced (enhanced) by less than 10% and its peak position is shifted within −5
MeV (+5 MeV), while the bound-state spectrum is almost unchanged. Note that the values of Γ which we considered in (a)-(c), are obtained by microscopic three-body calculations with only π + Y + N decay processes in the one-nucleon K − absorption [4, 5, 7] . Since a K − -"pp" optical potential has to describe not only one-nucleon K − absorption processes but also two-nucleon ones, we employ the parameters of (V 0 . In Table I is switched on, the values of B.E. decrease and those of Γ increase.
In Fig. 3 , we display the real and imaginary parts of the K − -"pp" optical potentials
, as a function of a distance between the K − and the center of the "pp" core nucleus.
If we neglect the energy-dependence in U opt (E) of Eq. (17) by replacing f (E) by 1, we find the energy-independent optical potentials U opt 0 , as used in our previous calculation [23] . It should be noticed the values of W 0 in U opt 0 differ from those in U opt (E), as shown in Table I, whereas we have Im
Let us consider the 3 He(in-flight K − , n) reaction at p K − = 1.0 GeV/c and θ lab = 0
• for the J-PARC E15 experiment [19] . To find possible evidence of the K − pp bound state, we evaluate the inclusive and semi-exclusive spectra of the 3 He(in-flight K − , n) reaction numerically by Eqs. (3), (9)- (11) and (23)- (25).
In Fig. 4 , we display the calculated results of the inclusive spectra with the optical potentials U opt (E) listed in Table I . In Fig. 4(c) , we show the calculated inclusive spectrum for potential C where the binding energy and width of the K − pp bound state are obtained as B.E. = 59 MeV and Γ = 164 MeV, respectively. The inclusive spectrum with U opt (E) is qualitatively different from that with the energy-independent U opt 0 . The former has a cusp which appears at the πΣN threshold in the L = 0 component of the spectrum, whereas the latter has no peak due to its large width of the K − pp state [23] . Such a cusp-like structure originates from the energy dependence of the imaginary part of U opt (E), and its mechanism can be understood by behavior of a pole trajectory of the K − pp state in the complex energy plane, as we will discuss in Sect. III C.
In Fig. 4(b) , we show the inclusive spectrum for potential B which gives B.E. = 45 MeV and Γ = 82 MeV. A clear peak of the K − pp state appears in both the spectra with U opt (E) and U opt 0 , but the peak position for U opt (E) is slightly shifted from E = −45 MeV to −50
MeV because of its energy dependence. Since this state is away from the branching point of the πΣN threshold, the peak in the spectrum is scarcely influenced by the threshold, so that its shape approximately indicates a standard Breit-Wigner (BW) form [28] . Since a πΣN phase space is taken into account, the spectrum for U opt (E) is suppressed below the πΣN decay threshold of E th (πΣN) ≃ −100 MeV, in contrast to that for U opt 0
[23].
In Fig. 4(a) , we find that a peak of the K which are determined respectively by fits to the data of DISTO [18] and OBELIX [17] , we also obtain that a clear peak in their spectra appears below the πΣN threshold (see also Fig. 10 ). We find that the shape of the peak in the spectrum for D 1 is similar to that for D 2 , as shown in Fig. 4(d) , whereas the spectrum for D 3 has a very prominent peak because of the small width of Γ = 24 MeV.
Therefore, we recognize that the inclusive spectrum of the It should be noticed that the calculated K − conversion spectra can be directly compared with the experimental data at the J-PARC E15 experiment, which is planned to measure the (in-flight K − , n) spectra and the decaying particles from the K − pp system simultaneously [19] ; no K − escape spectrum will be measured in this experiment. To search a better signal for the K − pp bound state, we focus on the K − conversion spectra which express semiexclusive K − + 3 He → n + Y + X processes in the deeply-bound region, where Y = {Σ, Λ} and X = {π + N, N}. By Eqs. (24) and (25), we can calculate their strength functions for K − conversion processes, which are effectively described by the imaginary potential, Im U opt (E) in Eq. (20) , within the optical models. For the K − escape processes, we can calculate the strength function in Eq. (11), which is probably underestimated because it has be described as K − +"pp" continuum states above the K − + pp threshold where "pp"
should actually break up into p + p.
In In Fig. 5(d) , it is also interesting to see a clear peak in the π + Λ + N and Y + N decay spectra for potential D 2 which is more attractive than potential C. Its shape is asymmetric because it must be sharply cut by the phase space suppression factor above the πΣN threshold. Moreover, we confirm that the π + Σ + N decay spectrum gives no peak for the K − pp bound state, as well as the spectrum for potential C.
In Fig. 5(b) , we show partial contributions of the calculated spectrum with potential B.
We find that the shape of the spectra with π On the other hand, we confirm that there is no peak in any partial contributions with potential A even if the K − pp bound state exists, as shown in Fig. 5(a) . This state exists close to the K − + p + p threshold due to a small binding energy of B.E. = 15 MeV and a large width of Γ = 92 MeV. For a more quantitative estimation, we need to examine a whole shape of the spectrum including the effects of the K − + p + p threshold [24, 28] .
We recognize that the detailed comparison between the theoretical and experimental spectra is required to extract the binding energy and width of the K − pp bound state from the spectra. The shape behavior of the [K − pp] → π + Λ + N decay spectrum is quite similar to that of the [K − pp] → Y +N one in all of our potentials. This similarity is understood from the fact that the energy dependence of the phase space factor f The shape of the inclusive spectrum in the K − bound region is perhaps written as the following form:
where
denotes a distance between a point (E, 0) of the physical state on the real axis and the pole at a point (Re ω(E), Im ω(E)) in the complex energy plane, as illustrated in Fig. 6 . If the energy dependence of ω(E) is negligible, the shape of S (pole) (E) is equivalent to the BW resonance form. Since Im ω(E) is approximately proportional to the phase space suppression factor f (E), the shape of the inclusive spectrum is roughly denoted by
can simulate the shapes of the one-and two-nucleon K − absorption spectra, respectively. It is apparent that S con πΣN (E) is suppressed below the πΣN threshold due to the behavior of the function f 
for the Y + N decay spectrum. For E < E th (πΣN), its pole remains around the point (−77 MeV, −25 MeV). It should be noticed that the minimum of D(E) is realized at E = E th (πΣN) where dD(E)/dE is singular. In this case, therefore, a cusp-like peak in 1/D 2 (E) is observed at the πΣN threshold. This shape agrees with that of the spectrum shown in Fig. 5(c) . In order to see the effects of W 0 , we also obtain a trajectory of the moving pole with V 0 = −344 MeV and
MeV, which corresponds to a specific case with an artificial narrow width. We confirm that the shape of its spectrum is identified as the BW form, as shown in Fig. 9 .
Consequently, we recognize that the cusp-like structure can be described as behavior of the pole trajectory which is governed by the energy dependence of U opt (E), as well as a clear is much smaller than that of Γ/2 which is equivalent to the distance from the pole at a point (−B.E., −Γ/2) to the real axis. For potential D 2 , a steep step is observed at the πΣN threshold, as seen in Fig. 5(d) ; its yield is sharply cut down because its pole is rapidly moving above the πΣN threshold.
-- -FIG. 11 ---One should be noticed that our K − -"pp" optical potentials, U opt (E), are not derived from microscopic calculations, but are introduced phenomenologically. To examine whether the potential has the appropriate energy dependence or not, we evaluate the pole trajectory of a point (−B.E., −Γ/2) in the complex energy plane when we change the value of V 0 in U opt (E).
In Fig. 11 , we show the energy dependence of the pole trajectories on decay channels with differs from that for U opt (E); −Γ/2 is almost proportional to −B.E. Therefore, we believe that our K − -"pp" optical potential U opt (E) has the desirable energy dependence which is expected from the coupled-channel Faddeev calculation, and that it is enough for us to discuss the shape of the spectrum with the [K − pp] → Y + N decay process. For more quantitative argument, one should make theKNN single-channel effective potential, in which the πΣN channel is eliminated in theKNN-πΣN coupled channel scheme [45] , and compare it with our optical potential. The investigation along this line will be discussed in future works.
IV. DISCUSSIONS
A. Cusp-like structure in the spectrum near the πΣN threshold
Recently, Akaishi et al. [46] have discussed a cusp-like structure in the spectrum of the (inflight K − , n) reaction on a deuteron target, using a coupled-channel model with a separable potential. They have shown that the cusp-like structure at the πΣ threshold can be also Fig. 12(left) , the magnitude of the peak in S con πΣN (E) grows at the πΣN threshold as increasing −V 0 . When −V 0 ≃ 380 MeV, the magnitude is at its maximum around −B.E. ≃ E th (πΣN). When −V 0 > 380 MeV, the K − pp state must be bound below the πΣN threshold and its peak is located at E= −B.E. Such a cusp-like peak in S con πΣN (E) is quite similar to that obtained by Akaishi et al. [46] . Fig. 12(right) . We find that there is the cusp-like structure in S con Y N (E) at −V 0 ≃ 340-380 MeV, and the asymmetric peak which is cut off sharply above the πΣN threshold appears in Fig. 13(left) . In the case of (ii), we also find that a clear peak is located near E ≃ −80 MeV in both of S targets [26, 27, 41, 42] but it is experimentally unknown in the K − absorption on 3 He in flight. In terms of the K − absorption on 4 He at rest, the early data of the helium bubble chamber experiment [47] suggested that the ratio of the two-nucleon K − absorption to all the K − absorption processes amounts to 16 %, whereas its value depends on atomic orbits where K − is absorbed through atomic cascade processes [27, 48] . A recent analysis of the ) spectrum which contaminates into the K − pp formation spectrum near the K − + p + p threshold.
V. SUMMARY AND CONCLUSION
We have examined the inclusive and semi-exclusive spectra in the 3 He(in-flight K − , n) reaction at p K − = 1.0 GeV/c and θ lab = 0
• for the forthcoming J-PARC E15 experiment.
We have discussed these spectra with the energy-dependent K − -"pp" optical potentials corresponding peak should appears below the πΣN threshold in the J-PARC E15 spectrum.
Otherwise, we will realize that these experimental data are all incorrect. Moreover, the cusp-like structure is the unique signal of the K − pp formation, as well as the peak structure.
This phenomenology suggests the possibility of observing the cusp-like structure obtained by the deep potential with strong absorption (−V 0 = 330-380 MeV, −W 0 > 110 MeV), as predicted by Shevchenko et al. [5] . If a cusp-like structure is observed, a precise comparison between theoretical and experimental spectra is required to extract the binding energy and width of the K − pp state, as well as the analysis of the spectrum in which the clear peak is observed. To get more quantitative results on the cusp-like or peak structure, a full microscopic calculation betweenKNN and πY N channels would be required beyond our optical potential models. Nevertheless, we believe that our calculations lead to a good insight for qualitative understanding the spectrum of the deeply-bound K − pp state. 
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